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1. The calculation of δ18O values of quartz-forming aqueous fluids 

The δ18Owater values were evaluated based on the quartz-water fractionation equation 

of Fekete et al. (2016). 

Δ18Ophase1 − phase2 ≈ 1000ln1–2 = A1–2 ´ 106 ⁄ T2 + B1–2 ´ 103 ⁄ T + C1–2       (1) 

Where T is the temperature in Kelvin. A = 3.3308, B = 0, C = –2.7734. 

2. The effects of different fluid processes on δ18Owater variations 

2.1. Fluid-rock interaction 

Fluid-rock interaction involving oxygen isotope exchange between magmatic fluid 

(assumed δ18Owater ≈ 7.5‰ representing herein the maximum δ18Owater value) and the 

ore-hosting syenite (average δ18O = 7.1‰; Zhang, 1996) in closed and open systems 

were modelled based on the following equations of Taylor (1977). 

Closed systems: 

δ18Of. water = [δ18Oi. rock + (W/R) ´ δ18Oi. water – Δ18Orock–water] / [1 + (W/R)]   (2) 

Where W = atom per cent of the oxygen isotope in hydrothermal fluid, R = atom per 

cent of the oxygen isotope in the rock, δ18Oi. and δ18Of. are the initial and final oxygen 

isotopic compositions, respectively, of the rock and fluid involved in the isotopic 

exchange reactions. The Δ18Orock–water is the temperature-dependent rock-fluid relative 

isotopic fractionation. For granitic rocks (represented here by the syenite), δ18Of. rock is 

usually equal to the δ18O value of plagioclase (An30) (Taylor, 1977), thus the feldspar-

water geothermometer can be used to calculate Δ18Orock-water at any temperature 

(1000lnα = 2.68 ´ (106 / T2) –3.29, where the T is the temperature in Kelvin) (Taylor, 

1986). 
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Open systems: 

                   (W/R) open system = ln [(W/R) closed system + 1]             (3) 

2.2. Rayleigh distillation 

The isotopic composition of hydrothermal fluid can be progressively modified by the 

precipitation of mineral due to isotope fractionation between mineral and fluid. Here, 

we modelled the oxygen isotope fractionation between quartz and magmatic fluid in 

such system using Rayleigh fractionation equation: 

             Rf. water / Ri. water = F (αwatermineral-1)                           (7) 

Where Ri and Rf are the isotopic ratios of initial and final fluid, respectively. F is the 

fraction of the element remaining in the fluid, and α is the temperature-dependent 

isotope fractionation factor of the element considered between mineral and fluid. 

  Substituting the isotope ratios using delta values from the following equation: 

   δ = 1000 ´ [ (R/Rstd) – 1]                           (8) 

  Then, equation (4) can be rewritten as: 

       ln [(1000+δf. water) / (1000+δi. water)] = (αwatermineral–1) ´ ln F            (9) 

By rearranging equation (6) using the following approximation equation: 

     ln [(1000+δf. water) / (1000+δi. water)] ≈ (δf. water – δi. water) / 1000          (10) 

Finally, an expression can be obtained for δf. water: 

           δf. water = δi. water + 1000 ´ (αwatermineral–1) ´ ln F                  (11) 

2.3. Fluid mixing 

The proportions (A) of meteoric water during the formation of quartz veins of various 

stages at Dongping can be estimated based on the isotopic mass balance between 
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meteoric water (average δ18O = –12.5‰; Zhang, 1996; Zha, 2020) and magmatic fluid: 

δ18Of. water = A x δ18Ometeoric water + (1 – A) ´ δ18Omagmatic fluid               (12) 

The highest δ18Owater for quartz at Dongping is 7.5‰, which can be used to calculate 

the minimum A. The δ18O values of magmatic fluids range from 10 to 5‰, thus, the 

δ18Owater value of 10‰ can be assumed to calculate the maximum A. 
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Figure S1 

 

Figure S1. SEM-CL images showing textures of various quartz generations. White 

ellipses represent the locations of in-situ δ18O analysis pits. A. White quartz (Qz-I-1) of 

stage I showing mottled to homogeneous texture. B. Gray quartz (Qz-I-2) of stage I 

replaced the pre-existing Qz-I-1 and shows a mosaic texture with heterogeneous CL 

intensities. Specularite is intergrown with Qz-I-2. C–D. Gray quartz of stage II consists 

of Qz-II-1 and Qz-II-2. Zoned Qz-II-1 is usually overprinted or replaced by late 

homogeneous CL-dark Qz-II-2, which also occurs as veinlets invading into the white 

quartz (Qz-I-1) of stage I. E. Gray quartz of stage III is composed of Qz-III-1 and Qz-

III-2, which show homogeneous CL-bright and CL-dark texture, respectively. Qz-III-2 

replaced or crosscut the white quartz (Qz-I-1) of stage I and Qz-III-1. Mt = magnetite, 

Spe = specularite, Py = pyrite. 
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Figure S2 

  

Figure S2. Photomicrographs under transmitted light (A, C–I) and OM-CL images (B) 

showing texture of Qz-I-1 and Qz-I-2 of stage I, and occurrence of fluid inclusion types 

in these two generations. A. Transmitted light image shows that gray quartz (Qz-I-2) of 

stage I is more transparent relative to white quartz (Qz-I-1). Specularite is intergrown 

with Qz-I-2. Some microfractures are also clear in Qz-I-1. B. OM-CL image shows that 

Qz-I-1 and Qz-I-2 are homogeneously bright and dark blue, respectively. Whtie 

triangles denote the microfractures. Different textures of Qz-I-2 revealed by OM- and 

SEM-CL images are due to the different luminescence principles of quartz under the 

operating conditions of these two techniques (Götze and Kempe, 2008). C–I. 
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Representative high-magnification area outlined in Fig. S2A showing the occurrence 

and distribution of homogeneous- and heterogeneous-trapping FIAs in Qz-I-1 (C–G) 

and Qz-I-2 (H, I). These FIAs usually occur as random clusters and/or line arrays. 

Temperatures close to FI represent the final homogeneous temperatures. 
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Figure S3 

 

Figure S3. Photomicrographs showing the textural characteristics and occurrence of 

fluid inclusion in Qz-II-1 and Qz-II-2 identified in gray quartz of stage II. Qz-II-2 is 

more transparent relative to Qz-II-1 (A, D). OM-CL images show that Qz-II-1 shows a 

homogeneity in OM-CL intensity (B) different from the zoning texture shown in SEM-

CL images, whereas Qz-II-2 shows a homogeneous CL-dark texture (B, E) similar to 

SEM-CL texture. C, F–G. Representative high-magnification area outlined in Fig. S3A 

and D showing the occurrence and distribution of homogeneous- and heterogeneous-

trapping FIAs in Qz-II-1 (C, G) and Qz-II-2 (F, H–J). These FIAs usually occur as 
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random clusters and/or line arrays. Temperatures close to FI denote the final 

homogeneous temperatures. 
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Figure S4 

 

Figure S4. Raman spectrum of aqueous-carbonic (type 1, 2) and aqueous-dominated 

(type 3) inclusions. A. Aqueous-carbonic inclusions (type 1) consist predominantly of 

CO2 with trace amounts of CH4. B–C. Vapor phase of aqueous-carbonic inclusions 

(type 2) is mainly composed of CO2 with minor CH4, whereas liquid phase is dominated 

by H2O with minor CO2. D. Both vapor and liquid phases of type 3 inclusions are 

dominated by H2O, but minor CO2 is also present in vapor phase. 
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